Inelastic deformation can either occur with dilatancy or compaction, implying differences in porosity changes, failure and petrophysical properties. In this study, the roles of water as a pore fluid, and of temperature, on the deformation and failure of a micritic limestone (white Tavel limestone, porosity 14.7 per cent) were investigated under triaxial stresses. For each sample, a hydrostatic load was applied up to the desired confining pressure (from 0 up to 85 MPa) at either room temperature or at 70
I N T RO D U C T I O N
Human activities can lead to deformation and failure of porous rocks, for example during hydrocarbon exploitation because the pore pressure decreases, which leads to an increase of the effective stress, or in mines or underground storages, due to stress concentration. Many consequences are known: surface subsidence (e.g. Boutéca et al. 1996; Fredrich et al. 2000; Nagel 2001) , well bore failure (e.g. Peška & Zoback 1995) , induced seismicity (e.g. Talwani & Acree 1984; Simpson et al. 1988; Segall 1989 ) and permeability changes (e.g. David et al. 1994; Miller 2002; Bemer & Lombard 2010) . These consequences may impact hydrocarbon or geothermal exploitation, as well as underground storage.
Limestones are one of the main groups of sedimentary rocks. They host a significant portion of the oil reserves (e.g. Murray 1930; Shariatpanahi et al. 2010) , represent 7 per cent of land surfaces (e.g. Scholle et al. 1983) , are used as an industrial material and have been proposed as reservoirs for the geological sequestration of carbon dioxide. At field scale, elastic wave velocities may be used to monitor changes in elastic properties, possible indicators of irreversible damage (4-D seismic). However, these changes are not straightforward to interpret (Hexsel Grochau et al. 2014) .
Limestone failure modes depend on their initial porosity and change with applied effective stress (e.g. Ji et al. 2015) . Deformation can either be coupled with dilatancy, leading to shear localization and therefore brittle failure (Brace 1978; Paterson & Wong 2005) , or result from microscopic plastic flow that does not involve any volumetric change (Paterson 1978) . It has been known for a long time that calcite deforms by processes such as mechanical twinning or r-, f-dislocation glide at room temperature (Turner et al. 1954; Griggs et al. 1960; De Bresser & Spiers 1997) . The induced brittle-ductile transition is of special interest for porous rocks, because it could provide some insight into fault mechanics and shallow earthquakes (Sibson 1982; Rutter 1986 ). The brittleductile transition in carbonate rocks is relatively easy to achieve in experiments because it is accessible at room temperature for confining pressures attainable in the laboratory (e.g. Robertson 1955; Paterson 1958; Rutter 1972 Rutter , 1974 . Previous studies have already focused on limestones [e.g. Solnhofen limestone: Robertson (1955) , , Rutter (1972 Rutter ( , 1974 , Hugman & Friedman (1979) , Baud et al. (2000a) ; Tavel limestone: Vajdova et al. (2004, Brittle/semi-brittle behaviour of a carbonate rock 439 (1972, 1974) , Fredrich et al. (1989) , Schubnel et al. (2006) ; Yule marble: Hugman & Friedman (1979) ].
Dilatancy and plastic flows can combine their effects, leading to transitional behaviour named cataclastic flow, characterized by homogeneously-distributed microcracking, grain rotations and grain plasticity (twinning and dislocations), as discussed by Fredrich et al. (1989) . Cataclastic flow can either lead to dilatancy as shown by Fredrich et al. (1989) on a very low porosity Carrara marble or to inelastic compaction as observed by Baud et al. (2000a) , Vajdova et al. (2004) , Vajdova et al. (2010) and on limestones and chalks of various porosities. However, compactive cataclastic flow is commonly observed to be a transient phenomenon. Indeed the failure mode evolves with increasing strain to dilatant cataclastic flow and ultimately shear localization (Baud et al. 2000a) .
Initial porosity is a key parameter that controls the deformation and failure modes of limestones (Vajdova et al. 2004) . Dautriat et al. (2011a) showed that structural heterogeneities can influence the localization of damage, and Zhu et al. (2010) and Regnet et al. (2015a) showed that the microporosity distribution also plays a role. Pore fluid and temperature are also important parameters (Rutter 1972 (Rutter , 1974 . Water generally reduces the brittle strength, as a result of adsorption: water as a pore fluid decreases the surface energy, promotes subcritical crack growth and stress corrosion (Clarke et al. 1986; Atkinson & Meredith 1987; Costin 1987; Baud et al. 2000b; Risnes et al. 2005; Røyne et al. 2011; Liteanu et al. 2013) , which can have effects on co-seismic sliding friction (Violay et al. 2013) . Temperature modifies the short-term strength and time-dependent creep behaviour of sandstones (Heap et al. 2009) , and is likely to have the same effects on limestones. As pore fluid and temperature may vary in natural conditions, the study of the deformation and failure modes should be performed under varying P-T conditions in dry and water-saturated samples.
This study focuses on the mechanical behaviour of a limestone with an initial porosity of 14.7 per cent. The question we address is: How do temperature and the presence of water as a pore fluid influence the deformation mechanisms? We report results of conventional triaxial experiments performed at various confining pressures in the range of 0-100 MPa, at 20
• C under dry and water-saturated conditions, and at 70
• C under dry conditions. During these experiments, evolution of P-and S-wave velocities were measured. As shown by several authors (e.g. Fortin et al. 2005; Schubnel et al. 2006; Benson et al. 2006; Fortin et al. 2007; Regnet et al. 2015b) , their evolution is very sensitive to the presence of microcracks, which makes them a good tool to track the evolution of irreversible damage.
M AT E R I A L A N D M E T H O D S

Rock material and sample preparation
Experiments shown in this paper were performed on white Tavel, a micritic and microporous limestone. This rock is mainly composed of coarse grained micrite particles (mean diameter ∼5 µm) cemented together, leading to larger micritic aggregates 
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A. Nicolas et al. (Figs 1a and b) . In this general micritic layout, some larger micropores (diameter between 2 µm and 10 µm) can be observed in sparitic parts, where cementation or recrystallization of pre-existing bioclasts is incomplete (Figs 1a and c) . A more detailed observation on ion-beam polished thin-sections reveals the presence of a low initial crack porosity, located between micritic aggregates and/or micrite particles (Fig. 1d) .
This limestone was used in previous studies by Vincké et al. (1998) and Vajdova et al. (2004 Vajdova et al. ( , 2010 . Scanning electron microscope (SEM) investigation showed that the composition of this Tavel limestone is almost 99 per cent calcite, in good agreement with Vajdova et al. (2004) who measured a composition of more than 98 per cent calcite. All samples were cored in the same block, and thin sections have been made in several samples, allowing us to have a robust control on the microstructure, avoiding heterogeneous samples. Thin sections were impregnated with blue-dyed epoxy to visualize the pore space.
Average porosity is 14.7 per cent, with maximum porosity variations of about 0.5 per cent around the average value. Porosity values were obtained from two measurements: (1) using the density of dried samples and assuming a 100 per cent calcite matrix composition and (2) using a triple weight procedure. The porosity is higher than that of Vajdova et al.' s samples, which was found to be 10.4 per cent. Note that the two sets of samples are from the same quarry (Tavel, France) .
No obvious bedding is identified but all samples were cored parallel to avoid any problem of preferential direction. The isotropy of the rock is examined later in the article. The diameter of our cylindrical samples is 40 mm and their length is 86 mm. After coring, faces are ground to ensure a good parallelism. Strain gauges (Tokyo Sokki TML type FCB 2-11 for experiments at room temperature and Tokyo Sokki TML type QFCB 2-11 for experiments at higher temperature) are directly glued onto the sample surface. These gauges are each composed of one axial and one radial gauge. Neoprene tubing is used to separate the sample from oil confining medium. Before an experiment, samples are dried in an oven at ∼40
• C for several days.
Experimental apparatus
The pressure vessel used in this study is a conventional triaxial cell installed in the Laboratoire de Géologie at theÉcole Normale Supérieure in Paris. A detailed description of the apparatus can be found in Brantut et al. (2011); Ougier-Simonin et al. (2011) . In this paper, compressive stresses and compactive strains are counted positive. The principal stresses will be denoted σ 1 and σ 3 , σ 1 being the highest principal stress and σ 3 the confining pressure. The differential stress σ 1 − σ 3 will be denoted Q and the mean stress (σ 1 + 2σ 3 )/3 will be denoted P. The confining pressure (σ 2 = σ 3 ) is measured by a pressure transducer with an accuracy of about 10 −2 MPa. Effective pressure is calculated as P eff = P − P pore , P eff being the effective pressure, and P pore the pore pressure. The effective confining pressure is calculated as σ 3, eff = σ 3 − P pore , where σ 3 is the confining pressure. Axial load is applied by an axial piston, and is measured with an accuracy of about 10 −2 MPa. The axial displacement is measured with four axial strain gauges and three displacement transducers (DCDT) mounted outside the pressure vessel between the moving piston and the fixed lower platen. For both strain gauges and DCDTs, we consider mean displacements. The DCDT measurements are corrected for the stiffness of the cell using the strain gauge measurements. We do not use the axial strain gauges excepted for DCDT measurement correction because under large strains (ε ax ≥ 2 per cent) attainable with carbonate rocks, strain gauges break, whereas DCDTs have no strain limitation. Radial strains are measured with four radial strain gauges. Radial gauges are used because they undergo much smaller strains that axial strain gauges. Uncertainty in strain measured with gauges is estimated to be of the order of 10 −5 ; and DCDT signals have an accuracy of about 10 −4 . The volumetric strain is calculated as ε v = ε ax + 2ε r , where ε ax and ε r are the axial and radial strains, respectively. This formula neglects second-order contributions of strains to the volume change that may be appreciable at relatively large strains. For watersaturated experiments, pore pressure can be controlled at the top and the bottom of the sample with two microvolumetric pumps (Quizix) with an accuracy of about 10 −2 MPa. For experiments performed at 20
• C, temperature is controlled by air conditioning. For experiments performed at 70
• C, the triaxial cell is equipped with a heating system. The maximum heating rate is approximately 1
• C min −1 . The temperature inside the vessel is recorded via two thermo-couples, one being plunged in the confining oil and the other touching the bottom end of the lower steel plug.
Ultrasonic wave velocities
Eight piezoelectric transducers (PZTs) were directly glued onto the sample surface. We used four PZT sensors sensitive to P-waves and four sensitive to S-waves. Both types of PZT sensors have a resonant frequency around 1 MHz. The small number of PZT sensors does not allow us to locate acoustic emissions (AE). However, no significant AE activity was recorded. Therefore PZT sensors were only used to measure the evolution of P-wave and S-wave velocities during the experiment. Every 1 or 2 min during the experiment, a 250 V high frequency signal is pulsed on each sensor while the others are recording. The electrical signal received is amplified at 40 dB. A thorough description of the acoustic system can be found in Brantut et al. (2011) . The position of each sensor is known and is corrected for the sample deformation during the experiment. P-or S-wave traveltime allows us to calculate the P-wave velocities at an angle of 90
• and ∼53
• with the axis of symmetry, as well as the horizontal SH-and vertical SV-wave velocities at an angle of 90
• (Fig. 2) . Arrival times are known with an accuracy of 0.1 µs, which leads to an accuracy on ultrasonic velocity of ∼5 per cent.
Experimental procedure
The 18 complete and 11 partial triaxial experiments were performed at effective confining pressures ranging from 0 MPa (uniaxial experiment) to 85 MPa. A set of experiments was conducted at 20
• C in dry and water saturated conditions and in dry conditions at 70
• C. Experimental conditions of each experiment (confining pressure, pore fluid and temperature) can be found in Tables 1 and 2 .
Samples deformed in dry conditions at 20
• C were first loaded isostatically up to the desired confining pressure. The differential stress is then applied by deforming the sample at a controlled strain rate of ∼10 −5 s −1 . Concerning experiments conducted in dry conditions at 70
• C, the dry sample is first loaded isostatically up to a pressure of 20 MPa. Confining pressure is kept constant at 20 MPa during heating (∼18 hr). The temperature is considered to be homogeneous when the difference between the two Brittle/semi-brittle behaviour of a carbonate rock Fig. 4 . This table gives effective mean stresses for the onset of dilatancy (C ), onset of inelastic compaction (C*), post-yield onset of dilatancy (C* ) and peak stresses.
No. Pore fluid Fig. 4 but they are presented in Appendix C (Fig. C1 ). However, from these experiments it is possible to get effective mean stresses for the onset of dilatancy (C ), onset of inelastic compaction (C*) and for one experiment post-yield onset of dilatancy (C* ).
No. Pore fluid thermo-couples is lower than 1 • C. At that point, the procedure becomes similar to that for dry samples at room temperature.
For water-saturated experiments, the dry sample is loaded isostatically up to a pressure of 20 MPa and saturated with water at equilibrium with calcite. Saturation is controlled with the microvolumetric pumps. Full saturation is assumed to be reached when the total injected volume of water is stable. At that point, a pressure difference of 1 MPa is applied between the bottom and the top of the sample during ∼30 min in order to flush the air trapped within the sample. Then, the pore pressure is maintained constant at a pressure of 5 MPa during all the experiment and the procedure becomes similar to that for dry samples.
Are water-saturated experiments performed under drained conditions?
The hydromechanical behaviour of a permeable rock is directly related to the condition of drainage during deformation (e.g. Guéguen & Boutéca 1999; Duda & Renner 2013) . A key point before conducting water-saturated experiments is to check whether the conditions are drained or not. Characteristic time t for diffusion over a distance l (to get fluid pressure equilibrium) can be approximated by (Carslaw & Jaeger 1959; Ge & Stover 2000; Duda & Renner 2013) :
where D is the hydraulic diffusivity. The hydraulic diffusivity D can be approximated by (Kümpel 1991) :
where k is the permeability, B is Skempton's coefficient, K d is the drained bulk modulus, η is the fluid viscosity, and α is Biot's coefficient. For white Tavel limestone and water, k = 10 −16 m 2 , η = 1.002 × 10 −3 Pa s, and K d = 27 GPa. Assuming that Skempton's coefficient and Biot's coefficient to be of the order of unity, one obtains D ∼ 2.7 10 −3 m 2 s −1 . For l = 4 cm (half length of the sample), one gets t ∼ 1 s, which is a short time compared to that of our experiments (between 10 min and 1 h). Thus, our experiments can be considered as conducted in drained conditions.
R E S U LT S
Mechanical behaviour during isostatic loading
Results for a hydrostatic loading experiment with up to 85 MPa confining pressure performed on a dry sample at a temperature of 20
• C are presented in Fig. 3 . Fig. 3 (c) is discussed later in the article. The hydrostatic response was non-linear up to a pressure of ∼52 MPa, beyond which the stress-strain curve became linear with a slope corresponding to a static bulk modulus (or 'deformationderived modulus') of K = 26.7 GPa (Fig. 3a) . The nonlinearity observed below 52 MPa can be explained by the progressive closure of pre-existing microcracks (Baud et al. 2000a; Vajdova et al. 2004) , such as the one present in Fig. 1(a) . Comparing the volumetric strain measured and the perfectly elastic trend, microcrack porosity can be estimated to be ∼0.07 per cent (Walsh 1965) .
As pressure is increased from 0 to 52 MPa, ultrasonic P and S wave velocities increase from 4135 m s −1 and 2200 m s (Fig. 3b) . Together with the static measurements, this increase highlights the closure of pre-existing cracks (e.g. Fortin et al. 2005 ) between 0 and 52 MPa. Above 52 MPa, P and S wave velocities remain constant at 4350 m s −1 and 2350 m s −1 , respectively. This observation suggests that all cracks are closed above 52 MPa, in agreement with the linear stress-strain relation. Using ultrasonic wave velocities at isostatic pressure above 52 MPa and relations between dynamic elastic (or 'linear elastic derived') moduli and ultrasonic wave propagation velocities, the dynamic bulk modulus K 0 is found to be K 0 = 26.9 GPa. Under isostatic stress conditions, our results show that ultrasonic wave velocities are independent from their pathway, indicating that the medium composed of matrix with embedded pores and cracks is isotropic.
Mechanical behaviour during deviatoric loading
The mechanical behaviour observed during experiments conducted on dry samples at 20
• C depend upon the confining pressure (Figs 4a and d). For P c lower than 55 MPa, the mechanical behaviour and failure mode are typical of the brittle faulting regime: The axial strain versus differential stress curves first show a linear trend typical of an elastic behaviour (Fig. 4a) . Then, the differential . Stress states at the onset of dilatancy C , onset of inelastic compaction C* and post-yield onset of dilatancy C* are shown for references on some experiments. Note that the radial strain gages broke at strains larger than 1 per cent, so that the last part of these plots are missing and symbolized by an arrow. stress reaches a peak, beyond which strain softening is taking place (Fig. 4a) . From the volumetric strain versus mean stress curves ( Fig. 4d) , it can be seen that samples show an elastic compactant behaviour until a critical stress state denoted C (Wong et al. 1997) beyond which the volumetric strain deviates from linear elasticity (onset of dilatancy). The critical stress state C is determined manually at the point of divergence of the curve of volumetric strain versus mean stress and the linear elastic compaction of each experiment. To our knowledge, no previous article has reported error bars for the onset of dilatancy, which remains somehow subjective. The error bar given for each critical stress in this article (Tables 1 and 2 and Fig. 5 ) corresponds to an upper bound and account for the subjective part of the critical stress determination. Note that although error bars are wide, results remain well reproducible (Tables 1 and  2 ). The differential stress levels at the onset of dilatancy (C ) and peak stress show a positive confining pressure dependence ( Fig. 4 and Tables 1 and 2).
For P c equal or higher than 70 MPa, the mechanical behaviour is different from the one at lower pressures and is characterized by three different stages: a compactive elastic behaviour, beyond which an inelastic compactive regime takes place. The transition between these two domains is characterized by the stress C* (Wong et al. 1997) . The critical stress state C* is determined manually at the point of divergence of the curve of volumetric strain versus mean stress and the linear elastic compaction of each experiment. This inelastic compaction is characterized by a decrease in volume larger than the elastic one and is referred to as shear-enhanced compaction (Wong et al. 1992 (Wong et al. , 1997 . In these experiments, inelastic compaction is a transient phenomenon. Indeed, the volumetric strain evolves with increasing strain to dilatant cataclastic flow beyond a critical state denoted C* (Wong et al. 1997) . Between the onset of inelastic compaction (stress state C*) and the post-yield onset of dilatancy (stress state C* ), compaction and dilatancy are likely to take place simultaneously (e.g. Edmond & Paterson 1972; Dresen & Evans 1993) but compaction is dominant. At C* , dilatancy overcomes compaction. The critical stresses at the onset of post-yield dilatancy (C* ) exhibit a positive dependence on confining pressure (Fig. 5a ). Relying on our experiments, the lack of data make it impossible to conclude about a possible pressure dependence of the stress state at the onset of inelastic compaction (C*), although it is known that C* has a negative pressure dependence (Baud et al. 2000a) . The mechanical behaviour observed for P c equal or higher than 70 MPa can be considered as semi-brittle as defined by Evans et al. (1990) . The semi-brittle regime is characterized by macroscopically distributed deformation involving crystal plasticity and microcracking (Evans et al. 1990) . Comparing the volumetric strain versus mean stress of all samples, the brittle-semi-brittle transition occurs at a confining pressure between 55 MPa and 70 MPa, under dry conditions at 20
• C. In water-saturated conditions, the mechanical behaviour is very similar to that observed in dry experiments. For P c lower than 55 MPa, the mechanical response and failure mode are typical of the brittle faulting regime, showing dilatancy and strain softening (Figs 4b and e). For P c equal to, or higher than, 70 MPa, the mechanical behaviour clearly shows an inelastic compaction identified as shear-enhanced compaction, which induces strain hardening but ultimately switches from shear-enhanced compaction to dilatancy (Figs 4b and e). Water has a weakening effect in the brittle regime: stresses at the onset of dilatancy (C ) in water-saturated experiments are lower than that obtained in dry experiments (Fig. 5a ). However, no clear effect is recorded (1) on the peak strength, (2) on the stress state at the onset of inelastic compaction (C*) and (3) on the stress state at the post-yield onset of dilatancy (C* ). The brittle-semibrittle transition is occurring at a confining between 55 MPa and 444 A. Nicolas et al. 70 MPa, at similar values than those obtained for dry conditions.
The behaviour observed during the experiments performed in dry conditions at 70
• C is qualitatively similar to the previous ones. At 5 and 35 MPa confining pressure, the mechanical response and failure mode are typical of the brittle faulting regime (Figs 4c and f). For P c higher than 55 MPa, the mechanical behaviour shows shear-enhanced compaction, which ultimately switches to dilatancy. Stresses at the onset of dilatancy (C ), onset of inelastic compaction (C*), onset of post-yield dilatancy (C* ) and peak stress are identical for experiments performed at T = 20
• C and T = 70
• C in dry conditions (Fig. 5b) . However, the brittle-semi-brittle transition occurs for a confinement between 35 and 55 MPa, a lower value than that obtained at room temperature (between 55 and 70 MPa; Fig. 5b ). At T = 20
• C, the experiment performed at a confining pressure of 55 MPa clearly exhibits a brittle behaviour, whereas the one performed at the same confinement but at T = 70
• C shows shearenhanced compaction (Fig. 6) . 
Post-mortem microstructural analysis
Samples were unloaded and retrieved from the pressure vessel at the end of the experiments. The deformed samples were first impregnated with epoxy and then sawed along a plane parallel to the axial direction to prepare petrographic thin sections. To characterize deformation-related features in the most detailed way, SEM was used. Fig. 7 presents a selection of pictures for samples deformed at P c = 20 MPa and P c = 85 MPa, which illustrate the two observed mechanical behaviours (brittle and semi-brittle, respectively).
Samples of the brittle fracture regime are characterized by the localization of deformation on a low-angle shear fracture (∼30
• ) (Fig. 7a) . Microcracking seems to be the dominant mechanism of dilatant failure in brittle faulting in Tavel Limestone, although a very low twinning activity was also observed. Observations show a complex fracture and crack network mainly developed in micritic parts, but also in sparite crystals (Figs 7b and c) . Those deformation-related fractures/cracks are coloured and highlighted by the blue-dyed epoxy, and account for a non-negligible porosity creation, especially when considering the displacement on the main shear fracture (Fig. 7d) . Overall, those features are characteristic of the brittle fault regime, and in good agreement with the observed mechanical behaviour.
Samples of the semi-brittle fracture regime (ductile type of behaviour) show no localization of the deformation but a slight barrel shape after the experiment (Fig. 7e) . Microscopic observations reveal an intense twinning activity within the sparite crystals (Fig. 7f ) which appears to be an important deformation mechanism in those samples. This twinning activity is often coupled with grain-crushing (Fig. 7g) and non-coalescent microcracks within sparite crystals (Fig. 7h) . Those stress-induced cracks are preferentially aligned and propagated subparallel to σ 1 . Those features are in good agreement with deformation mechanism found in the semi-brittle regime.
Evolution of ultrasonic wave velocities during triaxial loading
During the initial stage of elastic loading, no variation of velocities is recorded for experiments performed at P c ≥ 55 MPa, neither for (Figs 8 and 9 ). Beyond the stage of elastic loading, variations of ultrasonic wave velocities depend upon the confining pressure.
P-waves nor for S-waves
In the brittle regime, that is, for P c below 55 MPa for experiments performed at T = 20
• C and for P c below 35 MPa for experiments performed at T = 70
• C, V p and V s start decreasing at the onset of dilatancy (C ) (Figs 8c-f and 9c-f) . Comparing the ultrasonic wave velocity decrease to the volumetric change (e.g. Fig. 10 for P-wave velocity), the decrease in velocities is sharper around the onset of dilatancy (C ). Just beyond C , velocities continue to decrease as the sample is deformed until failure. The overall decrease for both In the semi-brittle regime, that is, for P c above 55 MPa for experiments performed at T = 20
• C and for P c above 35 MPa for experiments performed at T = 70
• C, the evolution of ultrasonic wave velocities is different than that observed in the brittle regime. In the elastic compaction stage, no change of V p and V s is measured (Figs 8c-f and 9c-f) . Beyond the onset of inelastic compaction (C*) ultrasonic wave velocities start to decrease, and the decrease rate accelerates as the post-yield onset of dilatancy (C* ) is approached. At C* V p and V s a decrease of 10 per cent to 20 per cent is observed. Around C* , the decrease of V p and V s as a function of the volumetric change is maximum (Fig. 10 , experiment performed at P c = 85 MPa). Beyond the post-yield onset of dilatancy C* , in the dilatancy stage, V p and V s continue to decrease down to values 30 per cent lower than their initial value (Figs 8c-f and 9c-f). For experiments performed at T = 70
• C, the decrease of ultrasonic wave velocities around C* seems to be slightly less important than for experiments performed at T = 20
• C (Figs 8c-f and 9c-f). Finally, the evolution of ultrasonic wave velocities can be added to the mechanical data ( Fig. 11) and is directly correlated to dilatancy.
D I S C U S S I O N
From inverted crack density to macroscopic deformation at isostatic stress
The mechanical response of Tavel limestone subjected to isostatic loading (Fig. 3) is typical of a rock with microcracks and equant pores (Walsh 1965; Karner et al. 2003 Karner et al. , 2005 , in agreement with microstructural observations of the intact rock (Fig. 1) . From mechanical data (Fig. 3a) , the non-linearity at the beginning of the loading shows crack closure (Walsh 1965 ), up to a hydrostatic stress of 52 MPa. All cracks are considered to be closed at isostatic stress above 52 MPa. Porosity due to microcracks is estimated to be around φ c = 0.07 per cent. Crack closure pressure and crack porosity are similar to that obtained by Vajdova et al. (2004) on their samples of Tavel limestone (40 MPa and 0.1 per cent, respectively).
Measured static (K stat = 26.7 GPa for P c ≥ 52 MPa) and dynamic (K dyn = 26.9 GPa for P c ≥ 52 MPa) moduli are very close for white Tavel limestone, in contrast with what is commonly observed (Eissa & Kazi 1988; Fiona & Cook 1995; Ciccotti & Mulargia 2004 ). This could be explained by the microstructure of Tavel limestone, which Figure 10 . The absolute value of the P-wave velocity derivative with respect to the volumetric strain is plotted versus the volumetric strain for experiments conducted at P c = 20 and 85 MPa in dry conditions. The maximum value is found for C and C* for the brittle and semi-brittle behaviours, respectively.
is composed of cemented micritic grains (Fig. 1) . All cracks are closed at P c ≥ 52 MPa and grain boundaries are well cemented (Fig. 1b) , thus reducing the difference between static and dynamic moduli because grain sliding and rearrangements are prevented (Regnet et al. 2015b ).
To interpret theoretically and quantitatively the evolution of the ultrasonic velocities, we consider a porous rock as made of a mixture of solid grains, spherical pores, and penny-shaped cracks. Inverted crack densities offer a quantitative description of the damage due to cracks (Nasseri et al. 2007; Mallet et al. 2013 Mallet et al. , 2014 . More precisely, Mallet et al. (2013 Mallet et al. ( , 2014 showed that crack densities inverted from ultrasonic velocities in a cracked glass are in very good agreement with optically measured ones. Here, the concept of crack density is understood as a statistical generalization of the concept of porosity for non-spherical inclusions. For example, an elongated porous space between two grains is considered as a crack (Guéguen & Kachanov 2011; Ghabezloo 2015) . Using Kachanov (1993) , the effective elastic properties of the porous rock may be . Representative data for P-wave velocity evolution during deformation. Volumetric strain is plotted versus the mean stress P. The confining pressure is indicated on each curve. The colour of the dots represents P-wave velocity perpendicular to σ 1 . The colour caption is given on the right. expressed in a unique manner as a function of the overall porosity φ and the crack density ρ c . The crack density is defined as:
where c i is the radius of the ith crack and N is the total number of cracks embedded in the representative elementary volume (REV) V. Note that, from eq. (3), the dominant factor in the crack density is not the number of cracks per unit volume, but the crack length c. In dry conditions, the effective dynamic bulk modulus K (which can be directly inverted from a combination of the P-and S-wave velocities) can be expressed as (Kachanov 1993; Fortin et al. 2007) :
where K 0 is the bulk moduli of the crack-free matrix, ν 0 is Poisson's ratio of the crack-free matrix, ρ c is the crack density and h is a factor given (for a penny-shaped geometry) by
The elastic properties K 0 and ν 0 of the calcite aggregate composed of the solid matrix and embedded pores were estimated from velocities measured at P c = 85 MPa, a pressure far above the crack closing pressure (see Section 3.1 and Fig. 3 ). As pressure is increased isostatically from 0 to 52 MPa, the isotropic crack density decreased from 0.035 to 0 (Fig. 3c) . Above 52 MPa, crack density remains constant at a value of 0 (Fig. 3c) , due to the fact that P-and S-wave velocities remain constant (Fig. 3b) . Inverted crack density evolution is consistent with the crack closure inferred from mechanical data (Fig. 3a) .
Following Walsh (1965) , the crack closure pressure P cl for isotropic stress state can be related to the crack aspect ratio defined as ξ = w/2c, where w is the crack aperture:
Using the elastic properties of the crack-free material and P cl = 52 MPa, eq. (6) gives ξ = 1.9 × 10 −3 , a value close to those reported in the literature (Baud et al. 2000a) . If cracks are assumed to be characterized by a penny-shape geometry, then crack porosity is given by (Guéguen & Kachanov 2011) :
where ξ is the average crack aspect ratio defined as ξ = w/2c . Taking ξ = 1.9 × 10 −3 and ρ = 3.5 × 10 −2 (isotropic crack density inverted at P c = 0 MPa), one finds an initial crack porosity φ i c 0.042 per cent. This value is of the order of the crack volume inferred from the mechanical data shown in Fig. 3 (a) (φ c = 0.07 per cent).
Above the crack closure pressure, the rock is assumed to be composed of the solid matrix and embedded pores. Walsh (1965) modelled the effective bulk modulus K of dilute spherical pores embedded in an elastic matrix as:
where φ is the porosity of the equant pores, and K m and ν m are the intrinsic incompressibility and Poisson ratio of the solid grain, respectively. For a calcite aggregate at 300 MPa pressure, the Reuss averages are K m = 73 GPa for the intrinsic bulk modulus and ν m = 0.33 for the intrinsic Poisson's ratio (Simmons & Wang 1971) . Using these values, the bulk modulus found for our 14.7 per cent porosity limestone is K = 47.6 GPa, which is larger than K = 26.7 GPa measured experimentally with static measurements. This discrepancy between theory and experimental data for limestones of porosity higher than 10 per cent was already observed by Vajdova et al. (2004) , who explained it by the fact that the model considered dilute pores whereas interaction among the pores is likely to occur for high porosities. Another explanation could be that Walsh's (1965) model considers spherical pores embedded in a solid matrix. Considering a four-sided hypotrochoidal and a triangular pore, Zimmerman (1990) showed that the compressibility is twice and 1.6 times larger than that of a spherical pore of same volume, respectively. As shown by Fig. 1 (a) , pores in Tavel limestone are not spherical, which could explain the discrepancy between experimental and theoretical values.
Crack densities under triaxial stresses
According to previous works (e.g. Winkler & Murphy 1995; Guéguen & Kachanov 2011) , elastic solutions can be used to interpret ultrasonic wave velocities. Under triaxial stresses, our results show that ultrasonic wave velocities depend on the pathway, indicating that cracks are not randomly oriented. The maximum decrease is observed for the pathway perpendicular to σ 1 (90 • ), which suggests that the propagating and/or nucleating cracks are mainly axial (Ayling et al. 1995; Mavko et al. 1995; Fortin et al. 2011) . Thus, we invert ultrasonic wave velocities in terms of axial crack density (Sayers & Kachanov 1995) assuming: (1) a transverse isotropic crack geometry; (2) an isotropic matrix, in agreement with the isotropic ultrasonic waves velocities measured under hydrostatic conditions; (3) non-interacting cracks, an assumption which is valid for crack densities up to at least 0.15 and probably 0.2-0.25 (Grechka & Kachanov 2006) ; (4) a random crack centre distribution; and (5) penny-shape cracks of radius c and aperture w. The effective mechanical properties of the calcite aggregate composed of the solid matrix and embedded pores (Young modulus E 0 = 32.8 GPa and Poisson's ratio ν 0 = 0.29) were estimated from velocities measured at P c = 85 MPa, a pressure far above the crack closing pressure (see Fig. 3 ). The detailed procedure is given in Appendix A.
When the differential stress is increased, the evolution of the crack density depends upon the deformation mode. The axial crack density remains constant during the elastic compaction of all experiments (Fig. 12) . Beyond that stage, changes in crack density depend upon the confining pressure. In the brittle regime, the axial crack density increases immediately beyond the onset of dilatancy (C ) and reaches values between 0.1 and 0.27 at macroscopic failure (Fig. 12) . Inverted crack densities are slightly higher in water-saturated conditions than in dry ones, suggesting that water enhances crack propagation. At T = 70
• C, crack densities are almost identical to those measured in dry conditions at T = 20
• C. In the semi-brittle regime, axial crack density increases beyond the onset of inelastic compaction (C*). However, between C* and the post-yield onset of dilatancy (C* ), the induced crack density remains low. For example, in dry conditions, for P c = 70 MPa and T = 70
• C, the crack density increases from 0 at C* to 0.01 at C* . During the inelastic compaction stage and as the post-yield onset of dilatancy (C* ) is approached, crack density increase rate with respect to the volumetric strain accelerates. Beyond C* , crack density increases rapidly up to 0.15-0.25 (Fig. 12) . In water-saturated conditions, crack densities are slightly higher than in the dry case, especially for the experiments performed at P c = 70 MPa. At T = 70
• C, crack densities are slightly lower than at T = 20
• C, suggesting that temperature enhances plastic phenomena.
Onset and development of dilatancy in the brittle regime
Brittle faulting can be modelled by a sliding wing crack model (Cotterell & Rice 1980) . With this interpretation, the end of the elastic behaviour in the brittle regime (onset of dilatancy denoted C ) is considered as the point of initiation of wing cracks. Assuming an isotropic rock (in agreement with path-independent ultrasonic wave velocities under hydrostatic pressure), initial cracks are considered as randomly oriented. Under triaxial stresses, wing cracks should preferentially initiate at an angle of ψ = (1/2)tan −1 (1/μ) to the largest remote compressive stress σ 1 , where μ is the friction coefficient of the initial crack. The onset of dilatancy is expected at an axial stress (Cotterell & Rice 1980; Horii & Nemat-Nasser 1986; Ashby & Sammis 1990) :
where a is the radius of initial cracks and K IC is the intrinsic fracture toughness of the material. From linear regressions of the data (Fig. 13) , one gets μ = 0.6 ± 0.1 and K IC /(π a) 1/2 = 17.1 ± 1 MPa for the experiments performed in dry conditions at T = 20
• C (Table 3) . For water saturated experiments, linear regressions lead to μ = 0.35 ± 0.1. This reduction of friction coefficient in water-saturated conditions was already observed for sandstones (Baud et al. 2000b) but the friction coefficient drop was only 10 per cent. For water saturated experiments, one gets from the data K IC /(π a) 1/2 = 16 ± 1 MPa, a value that is slightly lower than that in dry conditions (K IC /(π a) 1/2 = 17.1 ± 1 MPa). The decrease of surface energy can be calculated considering that the crack initial mean size, a, is the same for dry and water saturated experiments:
where γ dry and γ wat. are the dry and water-saturated surface energies, respectively. The ratio between dry and water saturated surface energies is then: γ dry /γ wat. = 1.14 ± 0.12. The ratio between dry and water saturated surface energies obtained in this study is of the same order as what de Leeuw & Parker (1997) . Experimental stress states C and peak stresses (in green for experiments performed in dry conditions and in blue for experiments performed in water-saturated conditions) are compared to theoretical predictions. Predicted stresses at C and peak stresses are modelled by eqs (9) and (11), respectively. Model C and peak stresses are represented by the plain and dashed lines, respectively. Table 3 . Wing crack and energy parameters inferred from mechanical data.
simulations for calcite. This ratio is also comparable to that obtained by Baud et al. (2000b) on sandstones, which can be explained by the fact that quartz and calcite have similar surface energies (Friedman et al. 1972) . Water adsorption on the internal pore surface leads to a reduction of surface free energy (de Leeuw & Parker 1997; Røyne et al. 2011 Røyne et al. , 2015 that chemically weakens the rock (Rutter 1972; Henry et al. 1977; Baud et al. 2000b ). This observation of chemical weakening of the rock is in agreement with the higher crack density obtained during triaxial deformation in water-saturated conditions than in dry conditions (Figs 12a and b ). An increase of 50 • C in temperature does not modify the differential stress at the onset of dilatancy (C ) and the development of dilatancy. Qualitatively similar mechanical behaviour and similar strains are observed at T = 20
• C and T = 70 • C (Figs 4d and f) .
Failure envelope in the brittle regime
Previously published 2-D (plane strain) models (Ashby & Sammis 1990 ) are used to analyse failure. To a first approximation (detailed explanation is given in Appendix B), the failure envelope for the wing crack model (Horii & Nemat-Nasser 1986; Ashby & Sammis 1990; Kemeny & Cook 1991; Baud et al. 2000a) can be described by a linear relation:
where A and B are constants which depend on the friction coefficient μ and D 0 = π (a cos ψ) 2 N A , where N A is the number of sliding cracks of uniform orientation ψ per unit area initially present. The constant D 0 characterises the initial damage. Using eq. (11) with
1/2 and μ that were inverted from eq. (9) for dry conditions, one finds D 0 = 0.055, a lower value than that reported in Vajdova et al. (2004) for white Tavel (0.28). As shown by Fig. 13 , experimental data are in reasonable agreement with the obtained theoretical prediction (green dashed line). A question remains: Is D 0 = 0.055 in agreement with the initial crack density inverted from ultrasonic wave velocities? From velocity data, inverted initial 3-D isotropic crack density is ρ = 0.035. The failure envelope for the wing crack model (eq. 11) is 2-D. Converting 3-D crack density into 2-D leads to ρ 2D = ρ 2/3 3D . Then, from ultrasonic wave velocity measurements and using ψ = (1/2)tan −1 (1/μ), one gets D 0 = πρ 2/3 cos 2 ψ = 0.25. The value inverted from the failure envelope (eq. 11) being D 0 = 0.055, this suggests that the sliding cracks (those of uniform orientation around ψ) represent approximately 20 per cent of the initially present cracks.
Model predictions for peak strength depend upon μ, K IC , D 0 and a. The initial damage D 0 and initial crack length a are likely to remain constant whatever the pore fluid is but μ and K IC are modified in the presence of water compared to dry conditions. Using
1/2 = 16 MPa, μ = 0.35 (values inverted from C model for water-saturated conditions) and D 0 = 0.055 (same value as for dry samples), model predictions for peak strengths are lower in watersaturated conditions than in dry ones (Fig. 13) . A water-weakening effect is experimentally evidenced for the onset of dilatancy (C ) but not for the peak strength, which is similar to what was observed in cracked granites (Wang et al. 2013) but not to what has been observed in sandstones (Baud et al. 2000b) . Why is the onset of dilatancy affected by the presence of water but not the peak strength? Samples are fully saturated, and the characteristic time for diffusion is in the order of 1 s, which is a very short time compared to that of our experiments (between 10 min and 1 hr). However, during the dynamic fracture propagation, it is possible that the full saturation is not maintained, and that the fracture tip remains dry.
From inelastic compaction to dilatancy in the semi-brittle regime
For P c ≥ 70 MPa at T = 20
• C and P c ≥ 55 MPa at T = 70 • C, inelastic compaction of Tavel limestone is observed beyond the stress state C*. Beyond elastic compaction, Dautriat et al. (2011b) showed that cataclastic compaction is coupled with an ultrasonic wave velocity decrease by approximately 30 per cent in a very porous limestone (Estaillades limestone, porosity: 28 per cent). This observation also holds for porous sandstones (Fortin et al. 2005 (Fortin et al. , 2007 . In our experiments, V p and V s decrease by 10 per cent to 15 per cent between C* and C* (Figs 8 and 9) , and inverted crack densities remain low between these stress states (Figs 12 and 14) . The ultrasonic wave velocities decrease rate with respect to volumetric strain increases as the post-yield onset of dilatancy (C* ) is approached (Fig. 10) , indicating that cracks develop although macroscopic inelastic compaction is recorded. At this stage, compaction due to plastic pore collapse and dilatancy due to development of cracks take place simultaneously. However, compaction strain associated with pore collapse appears to be predominant. Microstructural analyses show an intense twinning activity (Fig. 7f) , and small cracks that did not coalesce in large sparites ( Fig. 7g and h ). These observations suggest that deformation beyond C* in the semi-brittle regime and inelastic pore collapse are controlled by plastic micromechanisms associated with some microcracking. This conclusion is in good agreement with results from Vajdova et al. (2004) who showed that limestones with low porosities (≤15 per cent) undergo inelastic compaction associated with dislocation slip processes, twinning and some microcracking. Baud et al. (2000a) drew similar conclusions and interpreted shear-enhanced compaction in Solnhofen limestone as resulting from plastic collapse of spherical pores embedded in a solid matrix, as initially modelled by Curran & Carroll (1979) . The sensitivity of the onset of inelastic compaction (C*) to the variations of the experimental conditions (pore fluid and temperature) explored by our experiments seems to be blurred. Possibly the range in investigated temperatures is simply too small.
At the post-yield onset of dilatancy (C* ), the competition between shear-enhanced compaction and dilatancy leads to a switch from overall compaction to overall dilatancy. Around C* , the decrease of V p and V s compared to the volumetric change is maximum (Fig. 10 , experiment performed at P c = 85 MPa). Volumetric strain close to peak stress can be due to crack propagation but also to shearing and rotation of fragments (Peng & Johnson 1972; Guéguen & Boutéca 2004; Vajdova et al. 2012) . Thus, the decrease of ultrasonic wave velocities is due to crack nucleation and/or propagation but may also be affected by the porosity induced by rotation of fragments.
Water saturation and a temperature increase of T = 50 • C have no measurable effect on the post-yield onset of dilatancy (C* ). Water saturation might promote the development of cracks beyond the onset of inelastic compaction (C*) but not sufficiently to observe a change in the macroscopic behaviour and on the post-yield onset of dilatancy (C* ). As no temperature effect is observed on C* (Fig. 5) , it may be again that a temperature increase of T = 50
• C is not sufficient to get a measurable effect on C* .
The inelastic compaction observed in this study is qualitatively similar to that of Solnhofen limestone (Baud et al. 2000a ) and of Tavel and Indiana limestones (Vajdova et al. 2004 (Vajdova et al. , 2010 . A comparison of the yield envelope obtained by Vajdova et al. (2004) for a 10.5 per cent porosity Tavel limestone with those reported in this paper for a porosity of 14.7 per cent (Fig. 15) underlines that porosity plays a major role in lowering the confining pressure at which the brittle-ductile transition occurs, in agreement with the work of Wong et al. (1997) .
Crack geometry
Beyond the onset of dilatancy (C ) and the post-yield onset of dilatancy (C* ), ultrasonic wave velocities revealed important variations (Figs 8 and 9 ), which may be interpreted as variations in crack den- Figure 15 . The failure envelope (dry conditions at 20 • C) from this study is compared with the one obtained by Vajdova et al. (2004). sities. Beyond these stress states, crack density increases almost linearly with axial strain (Fig. 14a) . The linearity observed in this study is consistent with previous observations made by Brantut et al. (2011) on gypsum deformed across the brittle-ductile transition.
As the concept of crack density is understood as a statistical generalization of the concept of porosity for non-spherical inclusions, the volumetric strain due to shearing and rotation of grains and porosity that they induce is taken into account in the crack porosity. Considering crack densities inverted from ultrasonic wave velocities in addition to mechanical data makes it possible to derive a mean aspect ratio parameter for propagating cracks. Focusing on volumetric strain, in a first approximation, inelastic volumetric strain, ε in , can be decomposed as
452
A. Nicolas et al. where φ is the porosity variation, φ cracks is the porosity variation due to cracks and φ pore is the porosity variation due to pore collapse. Note that during crack propagation and pore collapse, φ cracks and φ pore are of opposite sign. In the brittle regime, dilatancy is occurring beyond C and thus | φ cracks | > | φ pore |. In the semibrittle regime, | φ cracks | < | φ pore | between the onset of inelastic compaction (C*) and the post-yield onset of dilatancy (C* ) and beyond C* , | φ cracks | > | φ pore |. Therefore, beyond the onset of dilatancy (C ) in the brittle regime and beyond the post-yield onset of dilatancy (C* ) in the semi-brittle regime, one gets:
Combining eqs (13) and (7), one gets:
Fig. 14(b) gives the relative volumetric strain (i.e. relative to the end of the hydrostatic loading) versus the inverted crack density for three experiments performed at 20 MPa, 55 MPa and 70 MPa, and T = 70 • C. In the brittle regime, that is, for P c = 20 MPa, the initial axial crack density is 0.02 and remains constant until the onset of dilatancy (C ) is reached. Then, crack density increases at almost constant relative volumetric strain. The lack of volume change may be explained by a balance between dilatation associated with cracking and elastic compaction. Finally, a linear trend appears between the axial crack density and the relative volumetric strain. Note that this appears when the crack density has increased by a factor of 5. Using eq. (14), the average crack aspect ratio can be estimated to be ξ = 0.03.
In the semi-brittle regime, that is, for P c = 55 and 70 MPa, the initial crack density is 0, as the confining pressure is higher than the pre-existing crack closure pressure. Crack density remains at 0 below the onset of inelastic compaction (C*). Between C* and the post-yield onset of dilatancy (C* ), crack density increases to 0.025 and 0.01 for experiments performed at P c = 55 MPa and P c = 70 MPa, respectively. During this stage, inelastic compaction is taking place as evidenced by volumetric strain evolution but as ultrasonic wave velocities are not strongly sensitive to spherical pores (Fortin et al. 2007) , they cannot provide a useful information on variations of equant porosity. At some point beyond the post-yield onset of dilatancy (C* ), a linear trend between the axial crack density and the relative volumetric strain is observed, and the average crack aspect ratio is found to be equal to ξ = 0.02 and ξ = 0.004 for the experiments performed under a confining pressure of 55 MPa and 70 MPa, respectively. Beyond the onset of dilatancy (C ) in the brittle regime or the post-yield onset of dilatancy (C* ) in the semi-brittle regime, the linear trend between the axial crack density and the relative volumetric strain suggests that crack propagate at constant average crack aspect ratio.
The linear relations between crack densities and volumetric strains (Fig. 14b) give decreasing average crack aspect ratios of 0.03, 0.02 and 0.004 for confining pressures increasing from P c = 20, 55 and to 70 MPa, respectively. Note that these values are all higher than aspect ratios calculated for pre-existing cracks (Section 4.1). This can be explained by the fact that (i) the vertical cracks induced by the deformation have a geometry different from that of pre-existing cracks and (ii) the inverted axial crack density during triaxial loading may take into account shearing and rotation of grains.
Using linear elastic fracture mechanics for non-interacting opening mode fractures under two-dimensional, plane strain conditions in an homogeneous isotropic medium, Pollard & Segall (1987) found:
where σ I is the opening mode driving stress, ν is Poisson's ratio and E is Young's modulus. Note that this equation is similar to eq. (6), except that stress is not isotropic here. Using the previously presented model for crack growth from initial flaws (Ashby & Sammis 1990) , the opening driving stress is the wedging force F w on the pre-existing crack of radius a, which depends on σ 1 and σ 3 as:
where A 1 and A 3 are constants which depend on the friction on the pre-existing crack. Thus, linear fracture mechanics for noninteracting opening mode fractures predicts a constant aspect ratio for cracks propagating at constant stress state. During constant strain rate experiments, the confining pressure is constant but the differential stress is not. However, for each experiment, constant aspect ratios are observed when the axial stress does not increase much (Fig. 4f) . For example, focusing on the experiment performed at a confining pressure of 70 MPa, crack propagation at constant aspect ratio is observed when crack propagation is occurring at constant confining pressure and when axial stress variations remain lower than 10 MPa. The aspect ratio is linearly correlated to the opening mode driving stress (eq. 15), which in turn depends on the axial stress and the confining pressure. The axial stress tends to increase the aspect ratio whereas the confining pressure tends to decrease it. In our experiments, the aspect ratio decreases as the axial stress and confining pressure increase. This means that in the stress conditions of our study, the aspect ratio is controlled by the confining pressure rather than by the axial stress. This observation (1) is in agreement with Lehner & Kachanov (1996) , who showed that the confining pressure has a major influence on crack growth from pre-existing flaws, and (2) can be explained by the fact that in eq. (16), according to Ashby & Sammis (1990) :
where μ is the friction coefficient on the pre-existing crack. Finally, using μ = 0.6 as found in this study, one gets A 3 ∼ 3.12 A 1 . This simple approach could be improved by a more detailed model (Renshaw & Park 1997; Olson 2003) .
C O N C L U D I N G S U M M A RY
In this study, we show the complexity of the mechanisms accommodating the deformation of a porous limestone at different confining pressures and explore the role of pore fluid and temperature. At low confining pressure, inelastic deformation is due to the development of cracks, which leads to the macroscopic failure of the sample. At high confining pressure, the onset of inelastic compaction is associated with shear-enhanced compaction. Then, beyond a stress state denoted C* , the macroscopic volumetric strain switches to dilatancy that eventually leads to localized failure. The measurements of ultrasonic wave velocities during the experiments suggest the ongoing interplay of shear-enhanced compaction and development of cracks between the onset of inelastic compaction C* and post-yield onset of dilatancy C* . The post-yield onset of dilatancy (C* ) marks a change in relative dominance rather than in occurring mechanisms.
The comparison of our data to that reported in Vajdova et al. (2004) on the same rock but with a smaller average porosity of 10.5 per cent (Fig. 15) indicates that porosity plays a major role in reducing the confining pressure at which the brittle ductile transition occurs, in agreement with the work of Wong et al. (1997) .
We inverted ultrasonic wave velocities to axial crack density. Above the onset of dilatancy C (brittle regime) or post-yield onset of dilatancy C* (semi-brittle regime), the linear trend between the axial crack density and the relative volumetric strain suggest that cracks propagate at constant average crack aspect ratio. The calculated average crack aspect ratio decreases as the confining pressure increases.
Water has a weakening effect on the onset of dilatancy in the brittle regime but no effect could be identified on the peak strength, on stress state at the onset of inelastic compaction (C*), nor on the stress state at the post-yield onset of dilatancy (C* ). An increase in temperature of T = 50
• C (from 20 • C to 70
• C) has no effect on the onset of dilatancy in the brittle regime nor on the peak strength at confining pressures leading to brittle behaviour. While the increase of temperature lowers the confining pressure at which the brittleductile transition occurs, it does not lead to changes in the values of the stress states at the onset of inelastic compaction (C*) and post-yield onset of dilatancy (C* ).
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A P P E N D I X A : C R A C K D E N S I T Y I N V E R S I O N
Axial crack densities were inverted from ultrasonic wave velocity measurements. Here, we recall the inversion process for dry solids but water-saturated solids can be considered in a similar manner (Shafiro & Kachanov 1997) . First, the effective mechanical properties of the calcite aggregate composed of the solid matrix and embedded spherical pores were obtained by inverting the velocity data obtained at P c = 85 MPa hydrostatic stress (beyond the crack closure pressure). The effective Young modulus E 0 and effective Poisson's ratio ν 0 are calculated as
where V p , V s and ρ are the P-wave velocity, S-wave velocity and the rock density, respectively. Rock density was obtained by weighting a dry sample. Using V p = 4350 m s −1 , V s = 2350 m s −1 , values obtained at P c = 85 MPa, and ρ = 2295 kg m −3 , we get E 0 = 32.8 GPa, and ν 0 = 0.29.
For a transverse isotropic symmetry along axis 3, the crack density tensor α is 
where α 11 is the axial crack density and α 33 is the radial crack density. In the case of the non-interacting approximation, the relation between the stiffness tensor C and α is given by (Sayers & Kachanov 1995 
From the effective stiffness tensor, we calculate the wave phase velocity along the propagation angles φ corresponding to our sensors setup (Mavko et al. 1998) :
V sh (φ) = [(C 11 sin 2 (φ) + C 33 cos 2 (φ)
V sv (φ) = [(C 66 sin 2 (φ) + C 44 cos 2 (φ))/ρ] 1/2 ,
where M = ((C 11 − C 44 ) sin 2 (φ) − (C 33 − C 44 ) cos 2 (φ)) 2 + ((C 13 + C 44 ) sin(2φ)) 2 .
We then use a least square procedure to compare predicted synthetic data and measured velocities. The inverted axial crack density corresponds to the value leading to the minimum distance between predicted and measured velocities.
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A P P E N D I X B : P E A K S T R E S S M O D E L
In the brittle regime, the evolution of the peak stress at failure with respect to the confining pressure is modelled by eq. (11). This equation is obtained using Ashby & Sammis' (1990) 2-D (plane strain) model. Wings are assumed to grow from initial cracks, which induces a crack density D = π (l + acos ψ) 2 N A , where l is the length of the wing and N A is the number of sliding cracks of uniform orientation ψ per unit area initially present. Before wings nucleate their length is l = 0 and the initial damage is D 0 = π (acos ψ) 2 N A . The remotely applied principal stresses evolve with damage in accordance with eq. (17) of Ashby & Sammis (1990) , written here with the convention of positive compression stresses:
where
and
Specifying the material parameters D 0 , K IC /(π a) 1/2 , and μ, the evolution of the principal stress σ 1 at a fixed confining pressure σ 3 can be calculated as a function of damage D using eq. (B1). At some point, the stress attains a peak beyond which instability sets in. The calculation can be repeated for different values of fixed confining pressure σ 3 , which allows to map out the peak stress at failure in the P-Q map (Fig. 13) .
